Elevated bilirubin concentration is regarded as a useful marker of liver and blood disorders, and of metabolic alterations.
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Background The endogenous antioxidant serum bilirubin may scavenge free radical species from cigarette smoke. Smokers are expected to have lower serum bilirubin levels than never smokers, but this has never been evaluated in a random population sample of women and men. In addition, in vitro studies indicate that filter cigarette smoke might enhance bilirubin oxidation more than non-filter cigarette smoke.
Methods
In this paper, data were analysed from the Belgian Interuniversity Research on Nutrition and Health (BIRNH) study. We investigated the association of smoking and type of cigarettes with serum bilirubin concentrations in men and women using multiple regression models taking into account differences in baseline and smoking characteristics.
Results
In men, current smokers had lower crude and adjusted serum bilirubin concentrations compared with never smokers (P = 0.0001). For women, the association between smoking and serum bilirubin concentrations adjusted for age was in the same direction as for men, but did not reach statistical significance. Male former smokers had serum bilirubin concentrations in between those of current smokers and never smokers, while female former smokers had even higher (+ 0.50 µmol/l) serum bilirubin concentrations than never smokers. Male subjects smoking filter cigarettes showed a higher serum bilirubin concentration than those smoking cigarettes without a filter (adjusted difference: 0.49 µmol/l; P = 0.03). The duration of smoking was inversely and significantly related to serum bilirubin concentrations (P = 0.0003).
Conclusion Smoking may lower serum bilirubin concentrations in men, especially in those smoking non-filter cigarettes. The duration of smoking is a more important determinant for serum bilirubin concentrations than the number of cigarettes smoked per day, which may indicate the cumulative negative effects of smoking on the endogenous antioxidant system. Results for females pointed in the same direction, but were less clear, possibly due to low numbers of smoking women, who were largely young and smoked mainly filter cigarettes for a shorter period of time.
age. [8] [9] [10] Other determinants of serum bilirubin concentrations include smoking status, 8, [11] [12] [13] [14] fasting status, 9 and current oral contraceptive use in women. 8 There is a considerable withinsubject variation and a variation coefficient of 25% was reported for repeated serum bilirubin concentration measurement covering a period of 2 weeks at intervals of 2-3 days between blood sampling. 15 Cigarette smoke contains a large variety of compounds, including many oxidants and free radicals that are capable of causing a prooxidant/antioxidant imbalance in the blood and tissues of smokers. [16] [17] [18] Pryor et al. 19 have identified two different populations of free radicals, one in the tar and one in the gas phase, in cigarette smoke.
The association of tobacco smoking and serum bilirubin concentrations has been described in some studies [11] [12] [13] which have shown lower serum bilirubin concentrations in male smokers compared to male non-smokers. However, no results have been reported on female smokers. In vitro studies showed that exposure to whole ( non-filter) cigarette smoke, in contrast to filtered cigarette smoke, did not induce detectable lipid peroxidation or bilirubin oxidation because of the antioxidant properties of the tar compound (melanin-like phenolic pigments). 20, 21 Up till now variations in serum bilirubin concentrations of subjects smoking cigarettes with or without filters have never been evaluated in vivo.
In this paper we examine the association between tobacco smoking and serum bilirubin concentrations in men as well as in women. We also study serum bilirubin concentrations in smokers smoking different types of cigarettes.
Methods

Study population
The Belgian Interuniversity Research on Nutrition and Health (BIRNH study) was carried out from 1980 to 1984. In each of the 42 counties of Belgium, three to five municipalities were randomly chosen and the most populated was always included. In the selected municipalities a random sample of the population was drawn from the voting list. Of the Belgians invited to participate, 38.6% of the men (n = 5949) and 34.4% of the women (n = 5353) aged 25-74 years volunteered for the study.
Measurements
All subjects filled out a standardized questionnaire which included questions about age, educational level, smoking, menopausal status, use of oral contraceptives and a pre-structured 24-hour dietary record (which was fully reviewed by a trained dietician). The smoking questionnaire contained detailed information on history of tobacco smoking (average number of cigarettes per day, number of years of smoking, age at which they began and/or stopped smoking, use of cigarettes with or without filter or handrolled cigarettes). Blood and urine were collected and analysed for a number of biochemical parameters. The aims, design and methodology of the BIRNH study have been described previously. 22 Serum bilirubin concentration was measured on a Technicon Autoanalyzer II continuous flow analytical instrument that utilizes the automated method of Gambino and Freda, 23 based on the method of Jendrassik and Grof. This method uses a blank channel, which runs together with the sample channel to correct for endogenous factors in the sample interfering with total bilirubin concentrations. Serum bilirubin concentrations are given in µmol/l (mg/dl * 17.10).
Statistical analysis
Statistical analysis of the data was carried out using the statistical software programme SAS ® version 6.12 (SAS Institute, Inc., Cary, North Carolina).
Data from 892 people were excluded from the statistical analysis due to missing information leaving 10 400 subjects (5524 men and 4876 women).
Baseline characteristics of the participants were classified according to smoking status (never, current, former) and for male current smokers according to smoking type (non-filter, filter, handrolled and combinations of cigarettes). Data from female smokers were not analysed according to smoking type because of low numbers in three of the four groups. Smoking any type of tobacco was defined as current smokers. Educational level was classified into three groups: low (up to completed primary school), intermediate (high school) and high (professional higher education or university). Alcohol consumption (daily energy per cent [En%]) was classified into three groups: 0, р4 and Ͼ4.
The number of handrolled cigarettes smoked a day was calculated as g tobacco/day * 0.8. It was assumed that one package contains 50 g and 40 cigarettes can be obtained per package. The number of pack-years was calculated from the number of cigarettes per day divided by 25 (number of cigarettes per package) and multiplied by the years of smoking.
Differences in baseline characteristics and serum bilirubin concentrations between the categories of smoking status and smoking type were tested with analysis of variance (ANOVA), using Scheffé test for multiple comparisons. Differences in categorical variables (educational level, alcohol intake) were tested with χ 2 tests. In multiple regression models, differences in serum bilirubin concentrations according to smoking status and type were estimated adjusting for possible confounders. Data on smoking status, smoking type, educational level and alcohol intake were entered into the models as dummy variables. The distribution of serum bilirubin concentrations in men as well as in women was skewed to the right. Therefore, all analyses were repeated with log-transformed serum bilirubin data. A P-value of Ͻ0.05 was regarded as statistically significant and all P-values were based on two-sided tests.
Results
Smoking status
The baseline characteristics according to categories of smoking status in men (n = 5459) and women (n = 4876) are shown in Tables 1 and 2 respectively. The prevalence of current smoking in males/females was: 48%/16%; former smoking: 29%/9%; non-smoking: 22%/73%.
Men in the never smokers group were younger than male former (P Ͻ 0.001) and current smokers (P Ͻ 0.05). Male smokers weighed (-2 kg) less and consequently had a smaller BMI than never smokers. Subjects with low education and high alcohol intake predominated in the current smokers group, in contrast to never smokers where an intermediate educational level and non-drinkers were more prevalent. Some characteristics in the female population were in the same direction as for men. Female current smokers and former smokers weighed less (-5 kg and -2 kg, respectively) and had a lower BMI than never smokers. In contrast to the men, female smokers were 10 years younger and had a higher educational level versus never smokers. The diet of current smokers in men as well as in women contained significantly lower energy percentages of carbohydrates, higher energy percentages of fat and less vitamin C compared with never smokers. Polyunsaturated fatty acids (PUFA) intake and iron intake, were significantly higher in female smokers than in female never smokers. Figure 1 shows the age-adjusted means of serum bilirubin concentrations in men and women. Male current smokers had significantly lower serum bilirubin concentrations (7.04 µmol/l) than never (8.32 µmol/l) (P Ͻ 0.0001) and former smokers (7.99 µmol/l) (P Ͻ 0.05). The results did not change for male current smokers versus never smokers and were slightly less pronounced for smokers versus former smokers (Table 4a) when adjustments were made for other differences in baseline variables (age, educational level and iron intake). Parameter estimates ± standard error in men for the covariables adjusted for in the full model were -0.025 ± 0.004 (P = 0.0001) for age (years), 0.212 ± 0.126 (P = 0.0912) for intermediate versus low educational level, 0.599 ± 0.151 (P = 0.0001) for high versus low educational level and -0.040 ± 0.010 (P = 0.0001) for iron intake (mg/d).
Lower serum bilirubin in female current smokers compared to never smokers was only observed in the adjusted models, although it was not significant (Table 4a ). In addition, a higher serum bilirubin in female former smokers (6.51 µmol/l) compared to never smokers (6.01 µmol/l) was also observed (P Ͻ 0.005) after adjustments (P Ͻ 0.05).
Parameter estimates ± standard error in women for the covariables adjusted for in the full model were -0.008 ± 0.004 (P = 0.060) for age (years), 0.250 ± 0.107 (P = 0.0188) for intermediate versus low educational level, 0.251 ± 0.153 (P = 0.1009) for high versus low educational level, -0.048 ± 0.011 (P = 0.0001) for iron intake (mg/d) and -0.015 ± 0.010 (P = 0.1314) for PUFA intake (En%).
Adding actual use of contraceptives in the model the results remained essentially unchanged.
Smoking type
Baseline characteristics according to categories of smoking type in men (n = 2233) are shown in Table 3 . The filter cigarette smokers constituted the largest group (39%) of male current BILIRUBIN AND SMOKING 1467 g Serum bilirubin concentration.
h Adjusted for age, educational level, iron intake and polyunsaturated fatty acids intake.
Figure 1
Age-adjusted serum bilirubin concentrations (SBR, µmol/l) and smoking status in men and women smokers, followed by handrolled cigarette smokers (32%), combination of different types of cigarette smokers (14%) and finally the non-filter cigarette smokers group (14%). Most female current smokers smoked filter cigarettes (89%). Male smokers of filter cigarettes were younger compared with smokers of non-filter and handrolled cigarettes (5 and 10 years, respectively). Filter cigarette smokers were more highly educated than smokers of non-filter and handrolled cigarettes. The macronutrient composition of diets of subjects smoking cigarettes with or without filter did not differ significantly. Vitamin C (+ 9 mg/d) and PUFA intake (+ 0.8 En%) were significantly higher, in the filter cigarette smokers group compared with the non-filter cigarette smokers. Male smokers of filter cigarettes smoked fewer cigarettes per day than non-filter cigarette smokers (P = 0.0001). The age at which they began smoking did not differ among the groups of smoking type. Male filter cigarette smokers had a 5-year shorter duration of smoking (P = 0.005) and compared with non-filter cigarette smokers.
Male subjects smoking filter cigarettes had a higher (+ 0.73 µmol/l) serum bilirubin concentration than those smoking cigarettes without a filter (P = 0.0009) (Figure 2 and Table 4b ). Smokers of handrolled cigarettes and of combinations of different types of cigarettes presented a higher, but not significant, serum bilirubin concentration compared to the reference group, non-filter cigarette smokers. The results did not change when adjustments were made for age, duration of smoking, BMI, educational level and iron intake in male cigarette smokers. The duration of smoking was inversely and significantly related to serum bilirubin concentrations independently of age ( Figure 3 ) and was the only smoking variable determining the variations in serum bilirubin. The number of cigarettes smoked per day was not associated with serum bilirubin concentration. Results of the analysis using log-transformed serum bilirubin concentrations were virtually identical to those presented (data not shown).
Discussion
In this study serum bilirubin concentrations were significantly lower in male smokers compared with never smokers, while intermediate concentrations were observed for former smokers. Lower serum bilirubin was also found in female smokers compared with never smokers only after adjustment for age, however it was not significant. Serum bilirubin concentrations of female former smokers were significantly higher than those of never smokers. Among the male smokers, those smoking filter cigarettes had the highest serum bilirubin concentrations followed by smokers of handrolled and of non-filter cigarettes.
The low serum bilirubin concentrations of male Belgian smokers confirmed previous observations, [11] [12] [13] [14] reported new results for women and adjusted for possible confounders. Bilirubin, which is a bile pigment, is generally regarded as waste product of haem catabolism. However, it has also been suggested that bilirubin may have an important role as an endogenous antioxidant and is destroyed by reactive oxygen species. [1] [2] [3] [4] [5] [6] [7] The observed low bilirubin concentrations in males and, when adjusted for age, in female smokers might be the result of an overconsumption of bilirubin by free radical species related to cigarette smoke. 21 Another possible mechanism which can determine serum bilirubin concentration is hepatic bilirubin UDP-glucuronyltransferase (UGT) activity. 24 Cigarette smoke is known to induce UGT-activity 25 by which hepatic bilirubin UGT is inversely correlated with serum bilirubin concentration. Smokers of non-filter cigarettes as reference group (mean serum bilirubin of 6.57 µmol/l). a Adjusted for age and duration of smoking.
b Adjusted for age, duration of smoking, educational level and iron intake. The relation between serum bilirubin and smoking status was controlled for differences in age, educational level and dietary intake of prooxidants. Higher serum bilirubin concentrations were observed in younger people (this study and ref. 10) and with lower intakes of prooxidants. In addition, educational level was different among smoking classes and associated with serum bilirubin. After controlling for age in females, the association between bilirubin and smoking status was in the same direction as for men.
The higher serum bilirubin concentration in male former smokers compared to current smokers, as others have also observed, 10, 11 may indicate that bilirubin concentrations are restored after a period of high free radical exposure due to tobacco smoke. The higher serum bilirubin concentrations in female former smokers compared with never smokers may be in part due to changes in dietary habits. Diets of female former smokers contained higher amounts of some antioxidants compared with female never smokers, while the dietary habits of male former smokers resembled more those of never smokers rather than current smokers (this study and refs 26, 27) . In vitro studies have indicated that serum vitamin C 4 lowers bilirubin oxidation, and lipid peroxides from PUFA 2 or iron 28 enhance bilirubin oxidation. The association between these nutrient intakes and bilirubin concentrations, however, has never been evaluated in human experimental studies. In the BIRNH study dataset, we have observed differences in intakes of prooxidants rather than antioxidants with varying serum bilirubin concentrations. Diets of men and women with the highest serum bilirubin concentrations contained less iron and less PUFA than the diets of those with the lowest serum bilirubin concentrations. In the present study, adjustments for differences in dietary intake of iron and PUFA (women only) did not change the association between bilirubin levels and smoking status in men and women.
The second aim of this study was to investigate the type of cigarette smoked in relation to serum bilirubin concentrations. This was not possible in female smokers because of the low numbers of women smoking non-filter cigarettes. Higher serum bilirubin concentrations were observed in male subjects smoking filter cigarettes compared to smokers of cigarettes without a filter. Previous in vitro studies 20, 21, 29 showed that exposure to whole (non-filter) cigarette smoke, in contrast to filter cigarette smoke, did not induce detectable lipid peroxidation or cause bilirubin oxidation once endogenous ascorbic acid has been oxidized completely. This may be due to the antioxidant properties of the cigarette smoke tar compound (melanin-like phenolic pigments) which counteracts the prooxidant capacity of aqueous tar extracts. Furthermore, the gas phase of cigarette smoke contains small oxygen and carbon-centred radicals that are much more reactive than are the tar phase radicals. 19, 30 Serum bilirubin concentrations in smokers of filter and nonfilter cigarettes have never been evaluated in vivo. Obviously, when studying in vivo filter versus non-filter cigarette smokers in relation to serum bilirubin concentration many other important factors influence this association. Our data showed that filter cigarette smokers have other baseline characteristics compared to smokers of non-filter cigarettes which could bias the results. They were 5 years younger and had higher education than smokers of other types of cigarettes. Filter cigarette smokers, in addition, smoked for a shorter time and fewer cigarettes per day than non-filter cigarette smokers. Our data indicate that the duration of smoking was a more important determinant of serum bilirubin concentrations than the number of cigarettes smoked per day. This suggests cumulative effects of smoking on the endogenous antioxidant system. It may well be that oxidants released as a result of chronic airway inflammation and oxidants in the smoke itself act synergistically. The serum bilirubin concentrations of the filter cigarette smokers were still higher than those of non-filter cigarette smokers, when adjusted for differences in baseline and smoking characteristics. The cigarette filter may have protective effects, which may explain the differences in serum bilirubin concentration between men smoking filter versus non-filter cigarettes. Factory-made cigarette filters, in addition, have different characteristics compared with Cambridge filters used in in vitro experiments on oxidants in cigarette smoke. [19] [20] [21] 29, 30 In this study, regression dilution bias can be expected because the blood sample for bilirubin measurement was taken only once. Winkel et al. 15 evaluated the intra-individual variation of some serum constituents and observed an intra-subject coefficient of variation of 25% for bilirubin. Repeated measurements could, therefore, have improved measurement precision. For data on smoking characteristics we relied on self-reports of smoking, which is generally considered as a valid and accurate method. 31, 32 Differences in serum bilirubin concentration according to smoking status and type were estimated adjusting for age, duration of smoking, educational level and iron intake. It is unlikely that other determinants such as genetic factors, degree of light exposure and fasting status would have differed between smoking groups.
To summarize, smoking may lower serum bilirubin concentrations in men, especially in those smoking non-filter cigarettes. The duration of smoking is a more important determinant for serum bilirubin concentrations than the number of cigarettes smoked per day, which may indicate the cumulative negative effects of smoking on the endogenous antioxidant system. Results for females pointed in the same direction, but were less clear, possibly due to low numbers of smoking women, who were in majority young and smoked mainly filter cigarettes for a shorter period of time.
